Maternal protein malnutrition during the critical stages of development (pregnancy, lactation and first infancy) can lead to adult hypertension. Studies have shown that renal and cardiovascular dysfunctions can be associated to the development of hypertension in humans and rats exposed to maternal protein malnutrition. The etiology of hypertension, however, includes a complex network involved in central and peripheral blood pressure control. Recently, the hyperactivity of the sympathetic nervous system in protein-restricted rats has been reported. Studies have shown that protein malnutrition during pregnancy and/or lactation alters blood pressure control through mechanisms that include central sympathetic-respiratory dysfunctions and epigenetic modifications, which may contribute to adult hypertension. Thus, this review will discuss the historical context, new evidences of neurogenic disruption in respiratorysympathetic activities and possible epigenetic mechanisms involved in maternal protein malnutrition induced-hypertension.
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| INTRODUCTION
Arterial hypertension (AH) affects more than 1 billion people around the world and is a major risk factor for cardiovascular dysfunction, recognized as the main cause of morbidity and mortality. 1 The regulation of arterial pressure (AP) is one of the most complex physiological functions and depends on integrated actions of the cardiovascular, renal, neural and endocrine systems, all of which act on different time scales and with different means of control. 2 This multi-factorial nature of organs and systems regulating the blood pressure makes it difficult to understand the underlying cause of AH.
It is well established and widely accepted that the increase in sympathetic nerve discharges alters vascular reactivity and contributes to development of hypertension in both animal models of hypertension and hypertensive patients. 3, 4 Studies have described that a baroreflex dysfunction could lead to a sympathetic hyperactivity and subsequent development of hypertension. 5 In addition, sympathetic outflow and blood pressure can be modulated by the rhythmicity of the respiratory nervous system. 6 The peripheral and central respiratory chemoreceptors are responsible for part of this modulatory effect. Activation of these chemoreceptors produces a powerful activation of the cardiorespiratory neuronal network and enhances the sympathetic and respiratory outflow.
7
Because of the interaction between the sympathetic and respiratory nervous systems, growing evidence supports the notion that an increase in sympathetic and respiratory activities plays an important role in the development of hypertension. [8] [9] [10] This observation has prompted the development of several studies evaluating sympathetic and respiratory activities and sensitivity of peripheral and central chemoreceptors in various hypertension models. For example, in chronic intermittent hypoxia 8, 11 in spontaneously hypertensive rats (SHR) 4 and in renovascular hypertension, 12 augmented sympathetic-respiratory activities and higher peripheral chemosensitivity were seen to be associated to hypertension.
Interestingly, an adverse fetal or neonatal environment, such as protein restriction experienced in utero or during perinatal life (gestation, lactation and early infancy), can lead to structural and molecular alterations and predispose the offspring to the development of AH. [13] [14] [15] [16] Other research has shown that impaired renal function contributes to augmentation of blood pressure in rats exposed to protein malnutrition during pregnancy and/or lactation. 17, 18 More recently, our laboratory demonstrated that the development of hypertension in rats exposed to protein restriction during pregnancy and lactation is associated with sympathetic hyperactivity.
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Despite advances in the understanding of the pathophysiology of hypertension in maternal protein malnutrition inducedhypertension, the molecular mechanism remains one of the great problems to be elucidated. The epigenetic mechanism is recognized as essential in biological events and might affect gene expression and mediate the effects of maternal diet on hypertension susceptibility in the offspring. 20, 21 To help highlight these new insights, in the present review, we will firstly focus on the historical evidence of maternal malnutrition and hypertension in adult offspring. Due to the scarcity of clinical and epidemiological studies relating to the effects of the protein restriction in pregnant women, we will use combined findings from studies investigating the effects of famines and malnutrition conditions on the offspring. Then, we will look at the role of kidney alteration in the development of the hypertension in rats from dams exposed to protein restriction during pregnancy and lactation. Lastly, we will focus on the new findings from our laboratory relating the potential role of central respiratory-sympathetic hyperactivity and epigenetic alteration as mechanisms that may link maternal protein malnutrition during pregnancy and lactation to the development of AH in adult offspring.
| HISTORICAL EVIDENCE OF MATERNAL PROTEIN RESTRICTION AND HYPERTENSION
Historically, certain places in the world have been associated with severe famines and malnutrition conditions that then affected pregnancy, babies, infants, adults and elderly people. These historical events have provided an opportunity to study the effects of extreme dietary restriction on populations. Periods of famine and war periods are also similar with respect to traumatic conditions and high stress.
This may be considered a confusing factor for studies that evaluate the impact of maternal malnutrition on development of cardiometabolic disease in offspring.
Some of the initial indications of a relationship between intrauterine malnutrition and later health/disease status have been linked to the Dutch Famine in World War II (1945) (1946) . 22, 23 The famine of approximately 6 months affected pregnant women and babies.
The babies exposed to famine in utero showed a higher prevalence of hypertension, type 2 diabetes and coronary heart disease in adult life.
23,24
Other epidemiological studies have also shown that the intrauter- Recently, there was a study investigating 305 survivors born during the siege of Leningrad. They were separated into three groups according to birth period: (i) childhood group (n = 210); (ii) newborn/infant group (n = 50); and (iii) intrauterine group (n = 45). The data demonstrated that individuals exposed to famine in childhood or in the intrauterine period had significantly higher prevalence of hypertension when compared to the newborn/infant group. There was no direct effect on the prevalence of cardiovascular diseases or hypertension with respect to elderly men or woman, approximately 70 years old. 29 The data presented in this study does not corroborate with other broad investigations relating effects of malnutrition in utero and/or in infant age as an important risk factor for hypertension in adulthood.
A maternal low-protein diet during gestation and/or lactation is one of the most extensively studied animal models, recapitulating phenotypic plasticity and developmental origin of AH. 13, 14, 17, 30 A lowprotein diet (8% protein) during gestation and/or lactation followed by the consumption of a normocaloric diet has been associated with long-lasting growth restriction and hypertension, even when the offspring is weaned on a control diet.
19,31-33
The kidneys play a major role in long-term control of arterial blood pressure by regulating Na + intake/excretion. Previous findings have
suggested an association between nephron number and birth weight, demonstrating that the nephron number is extremely sensitive to maternal malnutrition and can be constrained by protein restriction. 33 Experimental and clinical studies have reported that offspring from dams subjected to maternal protein restriction during pregnancy and/or lactation exhibited an reduction in nephron number, 34, 35 altered renal active Na + transport, 32, 36, 37 increase in mRNA expression of (Na + +K + ) ATPase in proximal tubules 38, 39 and transcriptional up-regulation and protein expression of Na + transporters. 40 Together, these alterations may contribute to the programming of hypertension.
Interestingly, a number of experimental and clinical studies have related that onset of hypertension evidenced in offspring from maternal malnourished dams is sex-dependent. 14, 41, 42 Previous findings relate that female offspring exposed to a nutritional insult during fetal life are resistant to the development of hypertension in young adulthood. 43 The researchers suggest that female hormones could be relevant in the prevention of hypertension in pre-menopausal females. 41 In addition, hyperactivity of the rennin-angiotensin system and augmented oxidative stress, relevant features in hypertensive condition, are not changed in female offspring exposed to maternal protein malnutrition. 44, 45 Please note that it is not the focus of this 
| MATERNAL PROTEIN RESTRICTION AND THE DEVELOPMENT OF HYPERTENSION: NEW EVIDENCES OF NEUROGENIC DISRUPTION
Clinical and experimental data involving hypertension models have demonstrated that increased sympathetic activity plays a key role in the development of hypertension. 9, 11, 30, [47] [48] [49] [50] Towards an understanding of the important role of the autonomic nervous system (parasympathetic and sympathetic branches) under the condition of hypertension, it is essential to identify possible dysfunctions within the brain areas, such as the hypothalamus or medulla, and the influence of peripheral sensors, notably that performed by the arterial baroreceptors (mechanical information), chemoreceptors (information about the level of oxygen and carbon dioxide in the blood) and the renal system. 51, 52 Our laboratory demonstrated that hypertension evidenced in rat adult offspring (90 days old) from dams exposed to protein restriction during pregnancy and lactation is associated with augmented sympathetic tone. 13, 31 For example, we have verified that male offspring from dams exposed to protein restriction during pregnancy and lactation exhibited higher cardiac sympathetic tone after antagonism of the b-adrenergic receptors, but they exhibited no changes in the cardiac parasympathetic tone after the antagonism of the muscarinic receptors. In addition, we have verified that the delta AP variation after infusion of hexamethonium (sympathetic ganglionic blocker) was higher in the malnourished rats. Taken together, autonomic imbalance in offspring from protein-restricted dams was supported by an enhanced vasomotor and cardiac sympathetic modulation, 31 suggesting that the hyperactivity of the sympathetic nervous system may be associated to development of hypertension in protein-restricted adult rats.
An important question to be answered is why the sympathetic activity is augmented in rats exposed to protein malnutrition during pregnancy and lactation. 5 years ago, our research group conducted studies focusing on understanding how offspring exposed to maternal protein restriction exhibited sympathetic hyperactivity linked to hypertension in adult life.
A probable hypothesis tested by our laboratory was that baroreflex dysfunction could be linked to sympathetic hyperactivity and the hypertension condition in maternal protein-restricted rats. The main reason for this hypothesis is that, in the rat, the baroreceptor reflex becomes functional at 5-6 days postnatal and exhibits attenuated function after 20 days of life, which is coincident with the maturational rise in AP. 53 Thus, possible nutritional insults during early life could impact on baroreflex functionality.
On the same theme, Deoclécio Chianca Jr. and colleagues demonstrated that rats exposed to protein malnutrition, receiving a diet containing 6% protein after weaning, developed hypertension associated with impaired baroreflex control. 54, 55 Despite the findings of impaired baroreflex found in post-weaning malnutrition, a study from our laboratory performed in rats subjected to protein restriction during pregnancy and lactation and normal diet after weaning, demonstrated that the development of hypertension evidenced in adult male offspring is not associated with a reduction in the gain of baroreflex.
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We suggest that the discrepancy between studies may be explained by the time of malnutrition recuperation. Probably baroreflex control is more sensitive to immediate protein malnutrition and after long period of nutrition was recovered, as observed in our model, the baroreflex control was not altered. To test this hypothesis, future studies need to investigate baroreflex control immediately after weaning in rats from dams fed on a low-protein diet during pregnancy and lactation.
To better understand how maternal protein restriction during pregnancy and lactation predispose development of hypertension in adult life, studies of our laboratory have been conducted to investigate whether sympathetic and respiratory hyperactivity in the offspring of protein-restricted dams occurs before the onset of hypertension. This investigation is important because the critical window relevant for the control of breathing and chemosensory consists of that period when respiratory control is still too immature and incapable of mounting an effective defense against acute respiratory challenges. Thus, environmental factors such as stress stimuli or oxygen levels experienced during early life can elicit, in the short or long term, developmental plasticity in the respiratory control system, which may be exemplified through changes in pulmonary ventilation or a hypoxic/hypercapinc ventilatory response.
Maternal protein restriction during pregnancy and lactation have already been described as having relevant short-term effects on respiratory function in offspring, such as higher phrenic burst, frequency and amplitude, leading to increased baseline respiratory frequency (up to 28%) and ventilation (up to 40%) before the onset of hypertension. 13, 19 In addition, our laboratory has demonstrated that these respiratory dysfunctions were associated with enhanced baseline sympathetic activity and amplified ventilatory and sympatho-excitatory responses to peripheral chemoreflex activation prior to establishment of hypertension, in an in situ preparation. 19 These responses were linked to high levels of the hypoxic inducible factor (HIF-1α) in the carotid body peripheral chemoreceptors.
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Recent data from our laboratory evaluated the short-and longterm effects elicited by carotid body removal on ventilatory and autonomic dysfunctions and hypertension in the offspring of malnourished rats. This study showed a normalization in respiratory frequency and response to CO 2 in the short term and improvement in AP and sympathetic hyperactivity over the long term (data not published). This suggests that hyper-sensibility of the peripheral chemoreceptor could be involved in development of hypertension in our model.
In addition to these research findings, Franco et al 57 showed that 66 children (8 to 13 years old) who were born at term but with a low birth weight for their gestational age, exhibited augmented circulating noradrenaline levels, angiotensin II and higher angiotensin converting enzyme (ACE) activity when compared those born at term with an appropriate birth weight. This suggests that both the sympatho-adrenal and renin-angiotensin systems in later childhood may be overactivated. We speculate that these changes early in life could contribute to later cardiovascular events, such as development of hypertension.
Clinical studies also have shown that the activity of peripheral chemoreceptors is augmented in preterm infants, 58, 59 demonstrating that oxygen-sensitive peripheral chemoreceptor activity is progressively increased over the first 4 weeks of postnatal life and can be associated with a higher incidence of apnea in preterm neonates. 59, 60 In all, the experimental and clinical data support the hypothesis that augmentation in sympathetic and respiratory activities linked to higher peripheral chemosensitivity could contribute to the higher activation of the renin-angiotensin-aldosterone (RAAS), argininevasopressin (AVP) systems in the kidneys, 18, 33 increase in the cardiovascular sympathetic tone 31 and consequently arterial hypertension.
Neuronal coupling between the respiratory and sympathetic activities occurs, at least in part, the in rostral ventrolateral medulla (RVLM), where the pre-sympathetic neurons are located and may be modulated by a complex neuronal respiratory network. 6, [61] [62] [63] Reactive oxygen species (ROS) in the brainstem have a potential role in the modulation of sympathetic activity and AP in spontaneously hypertensive rats (SHR), suggesting that oxidative stress can contribute to higher sympathetic activity and AH. involved in the control of sympathetic nervous activity. 68 Thus, it is possible that central and peripheral oxidative imbalance, at least in part, plays a key role in the increase of sympathetic activity and development of AH in protein-restricted rats.
In addition, oxidative stress modulates the balance between GABA/glutamate in the RVLM. 69 ROS in the RVLM enhances glutamatergic neurotransmission, probably by the MAPK signalling pathways, and attenuates GABAergic inhibitory inputs into the RVLM.
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Excitatory amino acid (EAA) glutamate plays an important role in cardiovascular regulation, leading to higher sympatho-excitatory inputs in the RVLM neurons. 9, 71, 72 We hypothesized that in RVLM might be important for respiratory-sympathetic hyperactivity and hypertension in rats subjected to perinatal protein restriction.
Previous reports have shown that an augmentation of ROS dependent on NADPH oxidase activation in the brain leads to a long-term pressor response to angiotensin II via transcriptional up-regulation of angiotensin II type-1 (AT1) receptor mRNA expression, indicating that the brain renin-angiotensin system is important for the regulation of AP and sympathetic activity. 73, 74 It has also been shown that a maternal low-protein diet during the second half of the pregnancy promotes an increase in mRNA expression of angiotensinogen and the angiotensin converting enzyme-1 (ACE-1) associated with a decrease in mRNA levels of angiotensin II type-2 (AT2) receptors in the fetal brain. 21 This alteration has been linked to hypomethylation of the CpG islands in the promoter regions of ACE-1 gene, 21 suggesting that epigenetic mechanisms could be involved in development of sympathetic overactivity and hypertension in protein-restricted rats.
| EPIGENETIC MODIFICATIONS: A POTENTIAL PATHWAY LINKING MATERNAL PROTEIN MALNUTRITION AND HYPERTENSION IN OFFSPRING
Altered gene expression patterns caused by poor perinatal nutritional conditions and their persistence through adult life can be mediated by epigenetic events, and have been suggested as a developmental and nutritional programming mechanism, predisposing the offspring to a late emergence of metabolic diseases. 75, 76 The main epigenetic features of mammalian cells include DNA methylation, post-translational histone modifications and RNA-based mechanisms (miRNAs). 77 The epigenetic mechanisms involved, including trans-generational transmission of methylation histone marks, mediated by the polycomb repressive complex, have recently been identified. 78 Gene expression dysregulation and harmful epigenetic mechanisms can potentially contribute to the development of AH. 79 An important aspect to consider is the reversibility of these epigenetic mechanisms, which may be counteracted by interventional measures that aim to normalize the effects caused by poor nutritional conditions experienced during intrauterine life.
DNA methylation (hypermethylation) can silence genes through a process that leads to the alteration of the chromatin structure. 80 Histone acetylation is a reversible and dynamic epigenetic mechanism determined by the balance between histone acetyltransferases (HAT) and histone deacetylases (HDACs). In general, the deacetylation process is associated to condensed chromatin (heterochromatin) and transcriptional repression. Studies show that hypomethylation mechanisms can lead to higher ACE, β-adrenergic receptors and Na + channel expression in the hypertensive condition. 77, 81, 82 In agreement with this, it was recently demonstrated that the hypo-methylation process of the angiotensin II type I receptor (AGTR1) 83 and interleukin-6 gene 84 in peripheral blood DNA, increase the risk of essential hypertension in human.
On the other hand, the sustained sympathetic activity in patients with essential hypertension has been associated with augmented methylation in the promoter region of the noradrenaline transporter gene and consequent defect in noradrenaline reuptake.
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Rangel and colleagues 86 demonstrated that the mean DNA methylation at individual CpG sites within the ACE gene promoter was significantly lower in children with low birth weight (LBW) in the 6-to 12-year-old range. 86 This alteration in methylation levels has been associated to higher ACE activity and AP in LBW children. 86 We would like to note that these LBW children may or may not have been subjected to maternal undernutrition.
An analysis of fetal brain from rats exposed to protein deprivation during the second half of gestation showed an increase in ACE-1 mRNA associated with reduced methylation at several positions in the ACE-1 promoter region.
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This new evidence suggests how malnutrition may contribute to the high prevalence of hypertension.
For the reasons presented here, we suggest that futures research based on epigenetic-therapy could represent a promising strategy as a new therapeutic target in the prevention and improvement of maternal malnutrition diet-induced hypertension models. a recent study has demonstrated that prenatal ascorbic acid (methyl group donors) treatment, was able to prevent hypertension in offspring from dams exposed to prenatal inflammation through histone deacetylation pathways.
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Previous studies have verified that the expression of HIF-1α is enhanced in the carotid bodies, 19 heart, 88 and brain 89 in rats from dams exposed to protein restriction during pregnancy and/or lactation. The HIF-1α is related to the response of cells to reduced oxygen (hypoxia); and its higher expression is associated with increased risk of hypertension and enhanced sensory activity of peripheral chemoreceptors. 7 The underlying mechanism involved in the HIF-1α
up-regulation in protein-restricted rats is still unclear, but the DNA methylation mechanism could be involved in the enhanced expression of HIF-1α. Considering these evidences, the researchers suggested that the hypomethylation profile may be the key mechanism in the development of sympathetic hyperactivity, increased respiratory chemosensitivity and hypertension ( Figure 1 ). Before hypertension, protein-restricted rats during pregnancy and/or lactation exhibited enhanced respiratory-sympathetic coupling, which, in part, it is linked to F I G U R E 1 Schematic drawing showing the short-and long-term effects in offspring exposed to maternal protein restriction on diet-induced hypertension augmented afferent inputs from the carotid body (mediated by the hypoxia inducible factor 1 alpha-HIF1a). In adult hypertensive offspring, enhanced glutamatergic neurotransmission and ROS in the brainstem associated to augmented carotid body sensitivity can contribute to sympathetic overactivation. Higher sympathetic activity can produce cardio-renal and blood vessel dysfunction and consequently contribute to an increase in arterial blood pressure. Thus, future studies on epigenetic modulations will help us to understand better the mechanisms involved in the development of hypertension.
| CONCLUSION
Recent studies recognize that exposure to maternal protein mal- 
